Glucose is one of major nutrients and its catabolism provides energy and/or building bricks for cell proliferation. Glucose deficiency results in cell death. However, the underlying mechanism still remains elusive. By using our recently developed method to monitor real-time cellular apoptosis and necrosis, we show that glucose deprivation can directly elicit necrosis, which is promoted by mitochondrial impairment, depending on mitochondrial adenosine triphosphate (ATP) generation instead of ATP depletion. We demonstrate that glucose metabolism is the major source to produce protons. Glucose deficiency leads to lack of proton provision while mitochondrial electron transfer chain continues consuming protons to generate energy, which provokes a compensatory lysosomal proton efflux and resultant increased lysosomal pH. This lysosomal alkalinization can trigger apoptosis or necrosis depending on the extent of alkalinization. Taken together, our results build up a metabolic connection between glycolysis, mitochondrion, and lysosome, and reveal an essential role of glucose metabolism in maintaining proton homeostasis to support cell survival.
Introduction
Glucose catabolism can generate adenosine triphosphate (ATP) efficiently via glycolytic pathway and mitochondrial oxidative phosphorylation, or inefficiently through aerobic glycolysis (Vander Heiden et al., 2009) . The latter phenomenon was frequently observed in cancer cells, termed 'the Warburg Effect' (Warburg, 1956) , although its growth advantage provided for proliferating cells still remain unknown. In addition, glucose can also be used as the carbon source for cellular anabolism. Intriguingly, although other metabolites, such as pyruvate and amino acids, can efficiently generate ATP in mitochondrial pathway or can even be converted to glucose through gluconeogenic pathway (Zhang et al., 2014) , glucose deficiency eventually gives rise to cell death (Yun et al., 2009; Graham et al., 2012) . Therefore, glucose catabolism seems to be involved in regulating cell death independent of its roles as the energy or carbon source.
Metabolism, in essence, is a pool of self-sustaining chemical transformations within the cells. These reactions function as the fundament of living cells and allow cells to survive and grow. Perturbations of metabolic homeostasis by direct assaults or by signal cascades often lead to apoptosis or necrosis. Therefore, like cell survival, cell death is also under tight metabolic control (Green et al., 2014) . Over the past few decades, most of the effort to dissect the mechanisms underlying cell death has been focused on establishing molecular connections between signal transduction pathways and cell death. Recently, it has become clear that many signaling pathways converge to regulate metabolism to support cellular processes, including cell death. However, how metabolism governs cell survival and death remains largely unknown.
Due to deficiency in caspase-3, MCF-7 cells exposed to TNF-α undergo caspase 8-dependent apoptosis through a well-characterized mitochondrial pathway rather than forming apoptotic bodies (Janicke et al., 1998) . Moreover, the dead MCF-7 cells do not detach from the culture platform. Therefore, the MCF-7 cell line is an ideal model for fluorescence microscopy-based quantification of cell death. Taking advantage of our recently developed caspase activity reporter that indicates apoptosis by green fluorescence, and using propidium iodide (PI) in culture medium to label necrotic cells with red fluorescence (Zhang et al., 2013) , we study the mechanism underlying glucose deprivation-induced cell death using MCF-7 cell line as the model. We reveal a metabolic proton homeostasis linked to cell death control.
Results

TNF-α promotes glucose deprivation-induced necrosis in MCF-7 cells
We recently developed an sfGFP-based caspase-3-like protease activation indicator (GC3AI) that acquires fluorescent activity only after cleavage by active caspase-3-like proteases during apoptosis (Zhang et al., 2013) . In this study, GC3AI was stably expressed in MCF-7 cells to monitor apoptosis. Upon TNF-α treatment for 24 h, most of MCF-7/GC3AI cells produced robust green fluorescence with condensed chromatin and shrunken morphology ( Figure 1A and B), indicating TNF-α-induced apoptosis, as we previously reported (Zhang et al., 2013) . In contrast, TNF-α failed to induce green fluorescence and typical shrunken morphology when MCF-7 cells were deprived of glucose. Hoechst staining showed that chromatin was largely degraded ( Figure 1A) . Furthermore, timelapse imaging clearly showed that MCF-7 cell membrane was ruptured, and the intracellular contents were released as indicated by Venus fluorescent protein ( Figure 1C ). This suggests that necrotic cell death is induced by TNF-α plus glucose deprivation.
To conveniently monitor real-time apoptotic and necrotic cell death simultaneously in MCF-7/GC3AI cells, 2 μg/ml PI was added to the culture medium to stain necrotic cells. In the presence of glucose, all TNF-α-induced apoptotic cells displayed green fluorescence at least up to 24 h ( Figure 1D ). By contrast, many PIpositive cells without green fluorescence, referred to as necrotic cells, were observed after TNF-α treatment in the absence of glucose ( Figure 1D) . Interestingly, our time-course results showed that TNF-α also induced apoptosis in addition to necrosis in the absence of glucose starting at 4 h ( Figure 1D and E). However, TNF-α-induced apoptotic cells disappeared by 24 h of treatment ( Figure 1E) , suggesting that at least some necrotic cells were shifted from apoptosis in the absence of glucose. Indeed, such a death transition with morphological change was observed (Supplementary Figure S1A) . Without TNF-α treatment, glucose deprivation alone mainly induced necrotic cell death after 24 h, but did not induce cell death at 8 h ( Figure 1E ). Therefore, it is actually TNF-α that promotes glucose deprivation-induced necrosis in MCF-7 cells. Indeed, a low concentration (>0.1 g/L) of glucose was found to sufficiently support TNF-α-induced apoptosis at least at 6 h of treatment (Supplementary Figure S1B and C).
Mitochondrial impairment promotes glucose deprivation-induced necrosis
Since MCF-7 cells are deficient in caspase-3, they underwent mitochondria-dependent apoptosis upon TNF-α treatment ( Figure 2A ) (Scaffidi et al., 1998) . This was confirmed by our results that the blockade of caspases by their inhibitors or shRNAs, as well as overexpression of Bcl-2/Bcl-xL, almost completely suppressed apoptosis in the presence of glucose B) . In the absence of glucose, a pancaspase inhibitor, z-VAD, and caspsase-8 inhibitor, z-IETD, completely blocked TNF-α-induced cell death in MCF-7 cells, whereas the caspase-7 and caspase-9 inhibitors, z-DEVD and z-LEHD, only repressed apoptosis while leaving necrosis unaffected ( Figure 2B and C). Similar results were obtained with knockdown of these caspases (Supplementary Figure S2A) . These observations indicate that TNF-α-promoted necrotic cell death under glucose deprivation can occur independently of apoptosis and is not RIPK1/3-dependent necroptosis due to its requirement of caspase-8. Since Bcl-2 and Bcl-xL overexpression showed the similar protective effects against TNF-α-induced cell death regardless of glucose ( Figure 2D ), the two forms of cell death seem to share the upstream pathway and diverge at the mitochondrion (Figure 2A) .
To further determine the role of mitochondria in TNF-α-promoted necrosis under the condition of glucose deprivation, caspase-3 was expressed in MCF-7 cells to restore TNF-α-induced mitochondria-independent apoptosis ( Figure 2E ) (Scaffidi et al., 1998) . In the presence of glucose, TNF-α induced the similar level of apoptosis in both MCF-7/vector and MCF-7/caspase-3 cells, and Bcl-xL overexpression completely blocked apoptosis in MCF-7/vector cells but did not affect apoptosis in MCF-7/caspase-3 cells ( Figure 2F and Supplementary Figure S3A ), indicating mitochondria-independent apoptosis in MCF-7/caspase-3 cells. In the absence of glucose, MCF-7/caspase-3 cells were less sensitive to necrosis and more susceptible to apoptosis upon TNF-α treatment compared to MCF-7/vector cells ( Figure 2F ), whereas Bcl-xL overexpression completely suppressed necrosis but not apoptosis in MCF-7/caspase-3 cells induced by TNF-α plus glucose deprivation ( Figure 2F ). These observations suggest that mitochondrial injury plays a very important role in such a necrotic program. To test this speculation, MCF-7 cells were treated with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) that causes an uncoupling of the mitochondrial proton gradient (Wallace and Starkov, 2000) . CCCP induced mainly apoptosis in MCF-7 cells in the presence of glucose but necrosis in the absence of glucose (Supplementary Figure S3B and C) . Furthermore, we used ABT-737, a prototypic BH3 mimetic inhibitor that directly disrupts mitochondrial intactness by antagonizing anti-apoptotic BCL-2 family proteins (Oltersdorf et al., 2005; Ichim et al., 2015) . As expected, ABT-737 induced necrosis in MCF-7 cells depending on glucose deprivation (Supplementary Figure S3D and E) . Similarly, ABT-737 also elicited necrosis in HeLa, MDA-MB-231, and Bcap37 cells in the absence of glucose (Supplementary Figure S3E) , although TNF-α that could bypass mitochondria to induce apoptosis in these cells (Lee et al., 2006; Wang et al., 2008) still triggered apoptotic cell death even in the absence of glucose (Supplementary Figure S3F) . Taken together, our data suggest that mitochondrial impairment promotes glucose deprivation-induced necrosis, a phenomenon that is not limited to MCF-7 cells ( Figure 2G ). Clearly, TNF-α-induced apoptosis in MCF-7 cells in the presence or absence of glucose shares the same well-characterized mechanism that does not underlie TNF-α-promoted necrosis under the condition of glucose deprivation (Figure 2A ). In the following experiments, we mainly focused on MCF-7 cells treated with TNF-α in the absence of glucose to investigate the mechanism underlying glucose deprivation-induced necrosis, with TNF-α-induced apoptosis as the parallel control.
Mitochondrial ATP generation is required for TNF-α-promoted necrosis in the absence of glucose Through glycolysis, the end product pyruvate of glucose catabolism can either be converted to lactate or enter mitochondria to efficiently generate ATP ( Figure 3A) . Here, we supplied cells with [U- C to citrate m + 2 and further to citrate m + 4 after one more turn of the CAC ( Figure 3A) . As expected, most lactate m + 3 molecules were produced from [U-
13
C]-glucose ( Figure 3B ). In the meantime,~60% of citrate containing glucose-derived 13 C, mainly citrate m + 2 and citrate m + 4, was detected ( Figure 3C ), indicating that glucose partially fueled mitochondria. However, in the glucose-free medium even without FBS, MCF-7 cells still kept a relative high level of ATP (~80% relative to the control cells) that lasted for at least 12 h in the absence of glucose (Supplementary Figure S4A) . This indicated that glucose deprivation did not deplete intracellular ATP, which was also observed previously (Eguchi et al., 1997 (Eguchi et al., , 1999 Leist et al., 1997) . Mitochondrial inhibitors, antimycin A blocking the electron transfer chain (ETC) and oligomycin A suppressing ATP synthase, almost completely inhibited ATP generation in MCF-7 cells (Supplementary Figure S4B and C), suggesting that mitochondria accounted for ATP generation in the absence of glucose. We next examined the effects of these inhibitors on TNF-α-induced cell death in the absence of glucose. In combination with TNF-α, antimycin A and oligomycin A still completely blocked ATP generation ( Figure 3D ). Caspase-9 activation by Apaf1 downstream mitochondria was demonstrated to be ATP-dependent (Eguchi et al., 1999) , and thus TNF-α-induced apoptosis in MCF-7 was completely blocked under ATP-depleting conditions as expected ( Figure 3E ). Interestingly, both mitochondrial inhibitors also significantly blocked TNF-α-promoted necrosis ( Figure 3E) . Notably, under such a harsh condition with ATP depletion, cells finally underwent necrosis (data not shown), consistent with a previously established notion that ATP depletion induced necrosis (Eguchi et al., 1997; Leist et al., 1997) . The fraction of apoptotic and necrotic MCF-7/ GC3AI cells stably expressing Bcl-2 or Bcl-xL. Cells were treated with 50 ng/ml TNF-α for 6 h in the presence or absence of glucose. (E) TNF-α-induced apoptotic pathway in MCF-7 cells stably expressing caspase-3. (F) The fraction of apoptotic and necrotic MCF-7/GC3AI cells stably expressing Bcl-xL and/or caspase-3. Cells were treated with 50 ng/ml TNF-α for 6 h in the presence or absence of glucose. Error bars in all panels indicate ± SD (n = 3). (G) A model to show necrosis promoted by mitochondrial impairment in the absence of glucose. Error bars indicate ± SD (n = 3).
However, our data clearly show that mitochondrial ATP generation, instead of ATP depletion, is required for TNF-α-promoted necrosis in the absence of glucose.
Mitochondrial ATP generation-associated catabolism has a decisive role in TNF-α-promoted necrosis To further investigate whether ATP level itself or ATP generation-associated metabolism affected TNF-α-promoted necrosis in MCF-7 cells, we used a FBS-free, nutritionally deficient medium derived from DMEM. Interestingly, even in the nutrient-deficient medium, MCF-7 cells still kept~80% of ATP level relative to that in the complete medium and did not undergo significant cell death at least for 8 h (Supplementary Figure S4D) . Although MCF-7 cells finally underwent necrosis, intracellular ATP levels were always maintained in survived cells (Supplementary Figure S4D and E), again supporting that ATP depletion did not account for cell death under such a condition. In the absence of nutrients, TNF-α predominantly elicited necrotic cell death ( Figure 4A and Supplementary Figure S5A ). Glucose supplement completely restored TNF-α-induced apoptosis, and this effect afforded by glucose was blocked by 2-deoxy-D-glucose (2DG), an inhibitor of glycolysis, but not by mitochondrial inhibitor, antimycin A or oligomycin A ( Figure 4B ), suggesting that glucose catabolism supported TNF-α-induced apoptosis. Mitochondrial inhibitors completely blocked ATP generation in the nutrient-deficient medium, and they in combination with 2DG also entirely repressed ATP generation in the absence of glucose supply (Supplementary Figures S4F and S5B) . Under such ATP-depleting conditions, TNF-α-induced cell death was greatly inhibited ( Figure 4A and B), again supporting that ATP generation was required for both TNF-α-induced apoptosis and TNF-α-promoted necrosis. Next, we checked the effect of nutrients on TNF-α-induced cell death by adding one nutrient each time to the nutrient-deficient medium as the potential ATPgenerating source. Screening with 20 amino acids and tricarboxylic acid cycle (TAC) intermediates showed that glycine and alanine completely, while glutamine, serine, and proline partially, supported TNF-α-induced apoptosis with decreased necrosis ( Figure 4B -G and Supplementary Figure S5A ). By contrast, some TAC intermediates, such as citrate, α-ketoglutarate, and malate, triggered necrosis alone or potentiated TNF-α-induced necrosis ( Figure 4H and Supplementary Figure S6A ). Under these conditions where mitochondria accounted for ATP generation, mitochondrial inhibition by antimycin A or oligomycin A resulted in ATP depletion (Supplementary Figure S5B) and thus blocked TNF-α-induced cell death ( Figure 4C -H). These data suggest that the metabolite used for mitochondria to generate ATP determines TNF-α-promoted necrosis ( Figure 4I ).
Intracellular metabolites have to be catabolized to support ATP generation through mitochondrial pathway under the . Cells were pre-treated with the inhibitor for 1 h and then incubated with 50 ng/ml TNF-α for 1 or 6 h. Error bars indicate ± SD (n = 4). (E) The apoptotic and necrotic death in MCF-7/GC3AI cells under the different culture conditions as indicated with or without the addition of antimycin A (1 μM) or oligomycin A (1 μM). Cells were pre-treated with the inhibitor for 1 h and then incubated with 50 ng/ml TNF-α for 6 h. Error bars indicate ± SD (n = 3). Scale bar, 40 μm.
condition of glucose deficiency. Our results showed that the level of total amino acids, succinate, and the NADH/NAD + ratio in MCF-7 cells decreased with time in nutrient-deficient medium (Supplementary Figure S7A-C) , suggesting that the cells consumed these metabolites. Glycine, alanine, serine, proline, and glutamine can be catabolized in mitochondria and concomitantly produce NADH or FADH 2 (Supplementary Figure S7D) , and thus their addition to nutrient-deficient medium can maintain NADH/ NAD + ratio like the addition of glucose or TAC intermediates (Supplementary Figure S7E) . However, these additions exerted differential effects on TNF-α-induced cell death in MCF-7 cells, supporting apoptosis or promoting necrosis ( Figure 4I ). Taken all together, our data strongly suggest that mitochondrial ATP generation-associated catabolism, but not ATP level or NADH/ NAD + itself, determines TNF-α-promoted necrosis ( Figure 4J ).
Since glucose deprivation may induce oxidative stress (Ahmad et al., 2005 ) that might account for necrotic cell death induced by TNF-α, we next tested the effect of ROS on TNF-α-induced death in MCF-7 cells. When hydrogen peroxide was used to treat MCF-7 cells, neither did it shift apoptosis to necrosis in the presence of glucose, nor exacerbated necrosis in the absence of glucose (Supplementary Figure S8A) . Moreover, both antioxidants, N-acetylcysteine and Trolox, did not protect MCF-7 cells against cell death induced by TNF-α plus glucose deprivation (Supplementary Figure S8A) . These data rule out the possibility of ROS involved in cell death under such conditions. Furthermore, we demonstrated that the stress-associated signaling pathways, including AMPK, MAPK-38, JNK, NF-κB, and autophagy, were not involved in TNF-α-promoted necrosis in the absence of glucose, because cell death was not prevented by their inhibitors, Compound C, Figure 4 TNF-α-promoted necrosis depends on mitochondrial ATP generation-associated catabolism. (A-G) The fraction of apoptotic and necrotic MCF-7/GC3AI cells in the nutrients-defined medium after treatment with 50 ng/ml TNF-α for 4 h. The nutrient-deficient medium was supplied with nothing (A), 2 mM glucose (B), 2 mM glycine (C), 2 mM alanine (D), 2 mM glutamine (E), 2 mM serine (F), or 2 mM proline (G). Cells were pre-treated without or with antimycin A (1 μM), oligomycin A (1 μM), and/or 2DG (20 mM). ATP was generated by mitochondria (m) or glycolysis (g). Error bars indicate ± SD (n = 3). (H) The fraction of necrotic MCF-7/GC3AI cells in the nutrients-defined medium after treatment with 50 ng/ml TNF-α for 2 h. The nutrient-deficient medium was supplied with nothing, 50 mM citrate, 50 mM α-ketoglutarate, or 50 mM malate. Cells were pre-treated without or with antimycin A (1 μM), oligomycin A (1 μM), and/or 2DG (20 mM). ATP was generated by mitochondria (m). Error bars indicate ± SD (n = 3). (I) Summary diagram of the relationship between metabolism and cell death. (J) A model to show that ATP generation-associated catabolism of metabolites is linked to cell death type. SB202190, SP600125, PS1145, and 3-methyladenine, respectively (Supplementary Figure S8B) . This raises the possibility that the intracellular microenvironment set up by the catabolic conversion of substrates to products plays a critical role in determining TNF-α-promoted necrosis.
Mitochondrial ATP generation-driven proton homeostasis plays a critical role in determining TNF-α-promoted necrosis
The common participant shared by all these metabolic reactions are protons coupled with the consumption or generation of NADH + H + and protonated carboxylic acid (Supplementary Figure S7D) .
In the glycolytic pathway, glucose is split into pyruvic acids, producing net protons, NADH + H + and protonated pyruvic aicd, that can be used for mitochondrial ATP generation ( Figure 5A ). Glycolytic catabolism starting from glucose facilitated TNF-α-induced apoptosis ( Figure 4B ). By contrast, under the condition of glucose deficiency, mitochondria have to metabolize intracellular NADH + H + or protonated intermediates (carboxylic acids) to generate ATP ( Figure 5A and Supplementary Figure S7A -C). Overall, these metabolites-associated protons are finally converted to water through mitochondrial ETC, and thus net protons are consumed ( Figure 5A ). In order to maintain ATP generation, TNF-α-impaired mitochondria need to consume more metabolites. Indeed, we observed that TNF-α gave rise to a further decrease in NADH/NAD + ratio and an increase in oxygen consumption, which were blocked by mitochondrial inhibitors in the nutrient-deficient medium ( Figure 5B and C) . Under such conditions, TNF-α promoted necrosis ( Figure 4A , B, and H). The catabolism of some amino acids in mitochondria, coupled with the production of NADH + H + and carboxylic acids (Supplementary Figure S7D) , could overall produce the net protons to support TNF-α-induced apoptosis ( Figure 4C -G, K). Therefore, our data suggest that mitochondrial ATP generationdriven proton homeostasis could play a critical role in determining TNF-α-induced cell death, and that proton generation supports TNF-α-induced apoptosis, while proton consumption accounts for TNF-α-promoted necrosis ( Figure 5D ). To further test the role of proton homeostasis in cellular necrosis induced by glucose deprivation, we used the acidic medium to supply protons and the alkaline medium to deplete protons. We changed the pH of the medium by adding different concentrations of NaHCO 3 . Interestingly, we observed that the acidic condition shifted TNF-α-induced necrosis to apoptosis, while alkaline treatment potentiated necrosis in the absence of glucose ( Figure 5E ). To avoid the influence of NaHCO 3 itself, we cultured MCF-7 cells in a CO 2 -free incubator with different media or buffer solutions where the pH was adjusted to~7.0, 7.5, or 8.0 using HCl and NaOH. Our results again demonstrated that the acidic environment supported TNF-α-induced apoptosis, while alkaline environment exacerbated TNF-α-promoted necrosis under various conditions without glucose supplement (Supplementary Figure S9A-C) . Moreover, the medium pH did not affect the intracellular ATP level (Supplementary Figure S9D) . We used a pH-sensitive fluorescent protein, ratiometric pHluorin2, to monitor the intracellular pH (pH i ). The excitation at 400 nm of pHluorin2 decreases with a corresponding increase in the excitation at 480 nm upon acidification (Miesenbock et al., 1998; Mahon, 2011) . We confirmed that the medium or buffer solution indeed changed the pH i in MCF-7 cells (Supplementary Figure S9E) . These results confirm the role of proton depletion in TNF-α-promoted necrosis under the condition of glucose deprivation. However, upon the presence of glucose, alkaline treatments stimulated glycolytic activity as indicated by increased lactate production that depended on the presence of glucose ( Figure 5G) . Such a compensation could neutralize intracellular alkaline microenvironment. We indeed observed that the alkaline treatment did not change pH i effectively in the medium containing glucose (Supplementary Figure S9E) . Therefore, TNF-α still predominantly caused apoptosis and only slightly increased necrosis under alkaline conditions in the presence of glucose ( Figure 5F and Supplementary Figure S9C) . Taken together, these results show that glucose plays a critical role in maintaining cellular proton homeostasis, an effect that sustains TNF-α-induced apoptosis.
We next checked whether TNF-α changed the pH i of MCF-7 cells. When pHluorin2-expressing MCF-7 cells were treated with TNF-α, the ratio of fluorescence at 400/480 nm decreased in the presence of glucose, indicating intracellular acidification ( Figure 5H ). However, we also detected similar intracellular acidification, but not the expected alkalinization, upon TNF-α treatment in combination with glucose deprivation. Glucose deprivation actually decreased the pH i by itself after 6 h ( Figure 5H ). Glucose-free medium still partially supports apoptosis, which may affect the pH i measurement based on a population of cells. To avoid such interference, we measured the pH i in single cells in nutrient-deficient medium where TNF-α primarily induced necrosis ( Figure 4A and Supplementary Figure S5A) . The pH i quickly dropped to~7.0 regardless of TNF-α treatment, and such a drop was inhibited or delayed by the addition of glucose ( Figure 5I and Supplementary Figure S9F ). These results suggest that glucose starvation triggers intracellular acidification. Considering the results obtained under the extracellular conditions with different pH values, it is apparently not the cytosolic pH that determines the form of cell death induced by TNF-α. Protons are not evenly distributed within cells, and some of them are compartmentalized by organelles whose differential proton concentration is maintained by metabolism. Altered metabolism may drive the redistribution of intracellular protons, while the extracellular environment universally changes the pH in the cytoplasm including organelles. Therefore, metabolic treatments and alkaline treatments may have similar effects on the proton concentration of some intracellular organelles that is responsible for necrosis (Supplementary Figure S10A) . With this concept in place, we hypothesized that the cell death-associated lysosome, which contains a much higher concentration of protons than the cytosol, is centrally involved in regulating necrosis under these conditions.
Mitochondrial ATP generation-driven severely lysosomal alkalinization is required for TNF-α-promoted necrosis under the condition of glucose deficiency
We next investigated the involvement of lysosomes in TNF-α-induced cell death. We use LysoTracker Blue, a blue fluorescent 
(B) The NADH/NAD
+ ratio values of MCF-7/GC3AI cells cultured in the nutrient-deficient medium after treatment without or with 50 ng/ml TNF-α for 2 h. Cells were pre-treated without or with antimycin A (1 μM) or oligomycin A (1 μM) for 1 h. Error bars indicate ± SD (n = 3). **P < 0.01 (t-test). (C) Oxygen consumption of MCF-7/GC3AI cells cultured in the nutrient-deficient medium after treatment with 50 ng/ml TNF-α alone or in combination with antimycin A (1 μM) or oligomycin A (1 μM) for 1 h. Data are represented as mean ± SD of triplicate wells. *P < 0.05 (t-test). Experiments were repeated twice with similar results. (D) A model to show that protongenerating catabolism supports TNF-α-induced apoptosis, while proton-consuming catabolism promotes TNF-α-induced necrosis. (E and F) The fraction of apoptotic and necrotic MCF-7/GC3AI cells after treatment with 50 ng/ml TNF-α for 6 h in the glucose-free medium (E) or the complete medium (F) with different pH values. Error bars indicate ± SD (n = 3). (G) Lactate production of MCF-7 cells after incubation in the complete or glucose-free medium with different pH values for 6 h. Error bars indicate ± SD (n = 4). (H) The intracellular pH of MCF-7 cells after treatment without or with 50 ng/ml TNF-α for different times as indicated in the presence or absence of glucose. Error bars indicate ± SD (n = 3, 180 cells in total). (I) The intracellular pH of a single MCF-7 cell after treatment without or with 50 ng/ml TNF-α in the nutrientdeficient medium supplied without or with 2 mM glucose. The result shown here is the representative one of 20 cells that finally underwent necrotic death.
dye that stains acidic organelles, to stain lysosomes. We found that, in the presence of glucose, TNF-α did not decrease the fluorescent staining, while glucose-deprivation by itself reduced fluorescent staining, which was potentiated by TNF-α treatment ( Figure 6A) . Notably, under both conditions, apoptotic cells were well stained ( Figure 6A ), indicating that apoptosis did not affect the lysosomal acidification. To further confirm this observation, wild-type MCF-7 cells were pre-stained with a LysoSensor Green dye that becomes more fluorescent in acidic environment and shows reduced or no fluorescent upon lysosomal alkalinization (Han and Burgess, 2010) . Then we treated the pre-stained cells with TNF-α in the presence or absence of glucose. We observed similar results, i.e. TNF-α further decreased the fluorescence intensity that was already reduced by glucose deprivation (Supplementary Figure S10B) , suggesting the occurance of lysosomal alkalinization. Similarly, in nutrient-deficient medium, we detected lysosomal alkalinization, and the addition of glucose, alanine, or glycine, which supported TNF-α-induced apoptosis, suppressed lysosomal alkalinization (Supplementary Figure S10C) . In addition, we also observed that alkaline medium led to rapid deacidification of lysosomes in the absence of glucose, but only mildly alkalinized lysosomes in the presence of glucose. In contrast, acidic medium inhibited lysosomal alkalinization induced by glucose deprivation (Supplementary Figure S10D) . These results suggest that lysosomal alkalinization is closely associated with TNF-α-promoted necrosis in the absence of glucose.
Protons are spontaneously leaked out of and actively pumped back to lysosomes by the H + -ATPase. This proton homeostasis maintains the lysosomal acidification ( Figure 6B) . Therefore, the inhibition of H + -ATPase by bafilomycin A mildly lead to lysosomal alkalinization and cytosolic acidification ( Figure 6C and D), indicating a net proton efflux from the lysosome to the cytosol. Similarly, glucose deprivation also induced acidification of the cytosol whereas alkalinization of lysosomes ( Figure 6C and D). Moreover, in the absence of glucose, bafilomycin A showed no effect on lysosomal pH or cell death ( Figure 6C and Supplementary Figure S11A ). These data suggest that robust H + -ATPase activity requires the presence of glucose, consistent with previous reports (Kane, 1995; Sautin et al., 2005) . In contrast, mitochondrial ETC always consumes protons that overall come from the cytosol ( Figures 5A and 6B) . Mitochondrial inhibitors, antimycin A and oligomycin A, slightly acidified the cytosol while left lysosomal acidification unaffected ( Figure 6C and D) . Such a cytosolic acidification was possibly attributed to both the inhibition of proton consumption by ETC and the increase in glycolytic activity ( Figure 6E ) that produced protons ( Figure 5A ). TNF-α further exacerbated glucose deprivation-induced lysosomal alkalinization, an effect that was blocked by mitochondrial inhibitors ( Figure 6C ). The similar results were also obtained with the BH3 mimetic inhibitor ABT-7373 that potentiated glucose deprivation-induced lysosomal alkalinization depending on mitochondrial ETC (Supplementary Figure S10E) . These results suggest that the mitochondrial impairment promotes glucose deprivation-induced lysosomal alkalinization through ECT.
To further confirm the role of lysosomal alkalinization in necrosis, we treated MCF-7 cells with a lysosomotropic agent, chloroquine, that can directly increase lysosomal pH (Klempner and Styrt, 1983) . Our results showed that chloroquine induced significant necrosis in the absence of glucose, but apoptosis in the presence of glucose ( Figure 5F ). However, in the alkaline medium, chloroquine induced necrosis regardless of glucose. In contrast, acidic medium blocked chloroquine-induced cell death ( Figure 5G) . Alkaline conditions potentiated lysosomal alkalinization directly (Supplementary Figure S10D) and indirectly by deprotonating chloroquine to promote its accumulation in the lysosome (Solomon and Lee, 2009) . Moreover, chloroquine synergistically promoted necrosis induced by TNF-α plus glucose deprivation (Supplementary Figure S11A) . These data suggest that severe lysosomal alkalinization triggers necrosis. Taken together, all our data suggest that severe lysosomal alkalinization underlies necrosis induced by apoptotic stimuli, such as TNF-α and ABT-7373, in the absence of glucose.
Lysosomal alkalinization can elicit apoptosis or necrosis
Under normal conditions where glucose metabolism produces protons to antagonize lysosomal alkalinization, chloroquine elicited obvious apoptosis alone by 24 h of treatment besides potentiating TNF-α-induced apoptosis in MCF-7 cells ( Figure 6F and Supplementary Figure S11A ). This suggests that mild lysosomal alkalinization is sufficient by itself to induce apoptosis by a relative long time of treatment. Indeed, bafilomycin A mildly increased lysosomal pH ( Figure 6C and Supplementary Figure S11B) , and mainly resulted in apoptosis in MCF-7 cells after 48 h of treatment ( Figure 6H ). We also observed that bafilomycin A-induced apoptosis was blocked by acid treatment, while it was potentiated or shifted to necrosis in an alkaline environment (Supplementary Figure S11C) . Chloroquine and bafilomycin A also showed similar pH-dependent killing effects on MDA-MB-231 and Bcap37 cells (Supplementary Figure S11D and E). In addition, long-term alkaline stress by itself induced apoptosis and/or necrosis in MCF-7, MDA-MB-231, and Bcap37 cells (Supplementary Figure S11C and F) . Therefore, it seems that the increasing lysosomal pH by itself can also trigger apoptosis or necrosis, which depends on the extent of lysosomal alkalinization. When we treated MCF-7 cells with pH clamping buffers, we observed that nigericin induced significant necrotic cell death in clamping buffer with a pH > 7.0 ( Figure 6I ). This suggests that pH 7.0 may be the lysosomal pH threshold that determines apoptosis or necrosis.
Glucose is the major source to maintain proton homeostasis
Like bafilomycin A, glucose deprivation alone also resulted in mildly lysosomal alkalinization ( Figure 6C ) that was insufficient to rapidly induce massive cell death. Therefore, these treatments need to take time to trigger cell death. Bafilomycin A finally mainly gave rise to apoptosis after 24 h ( Figure 6H and Supplementary Figure S11B) . However, since mitochondria incessantly, and increasingly if impaired, consumed protons without replenishment by glycolysis, glucose deprivation alone eventually predominantly led to necrosis and killed most of MCF-7 cells at 48 h ( Figures 1E and 7A and B) . Again, intracellular ATP levels were not depleted in survived cells in the absence of glucose ( Figure 7C ). Against that mitochondrial impairment promoted glucose deprivation-induced necrosis ( Figure 2G) , mitochondrial protection by overexpressed Bcl-xL/Bcl-2 significantly prevented cells from necrosis in the absence of glucose in spite of its failure to restore cell proliferation ( Figure 7D) . These results further confirmed the important role of mitochondria in glucose deficiency-induced cell death. Like TNF-α-promoted necrosis in the absence of glucose ( Figure 5D and Supplementary Figure S9A-C) , necrosis induced by glucose deprivation alone was also blocked by acidic medium and exacerbated by alkaline medium ( Figure 7A and B) . In contrast, in the presence of glucose, cells grew well under relatively alkaline conditions due to the compensation by increased glycolytic activity ( Figures 7B and 5G) . Similar results were obtained with various cancer cell lines, including MCF-7, Bcap37, MDA-MB-231, HeLa, and A549 ( Figure 7B ). Among nutrients tested, including glucose, amino acids, and pyruvate, we observed that only glucose deprivation induced massive cellular necrosis, although the withdrawal of some amino acids elicited apoptosis (Supplementary Figure S12) . These data further confirm that glucose plays a specific role in maintaining proton homeostasis to support cell survival.
Our data built up a metabolic connection between mitochondrion, lysosome, and glycolysis ( Figure 8 ). Compounds targeting them may synergistically kill cancer cells. Indeed, when used together with 2DG (an inhibitor of glycolysis) or chloroquine (a lysosomotropic agent), ABT-737 (a BH3 mimetic inhibitor of Bcl-2/Bcl-xL) clearly exerted an increased ability to induce cell death ( Figure 7E ).
Discussion
Our experimental data indicate that glucose deficiencyinduced necrosis is regulated by mitochondrial ATP generationdriven proton homeostasis, and reveal that glucose metabolism plays a critical role in maintaining intracellular proton homeostasis, which supports cell survival or controls the choice of cell death. As illustrated in Figure 8 , glycolysis and mitochondrial oxidative phosphorylation are the two major energy-producing pathways in mammalian cells. In the glycolytic pathway, glucose molecules are split into pyruvates, concomitantly producing protons in the form of carboxylic acid and NADH + H + . In contrast, mitochondria consume protons by converting carboxylic acid and NADH + H + to carbon dioxide and water ( Figure 5A ). These two pathways are normally integrated and cooperate with each other. In the absence of glucose, mitochondria continue to metabolize protons to generate ATP. Therefore, glucose deprivation eventually leads to the net consumption of protons, and meanwhile provokes compensatory lysosomal proton efflux that results in an increase in lysosomal pH and a decrease in cytosolic pH. The resulting severe lysosomal alkalinization leads to necrosis. To maintain ATP generation, impaired mitochondria by apoptotic stimuli, such as TNF-α, CCCP, and ABT-737, need to consume more protons, and thus promote glucose deficiencyinduced necrosis by accelerating the lysosomal alkalinization. In contrast, the lysosomotrpic treatment directly alkalinizes lysosomes and elicits necrosis in the absence of proton compensation from glycolysis, otherwise it may induce lysosomesdependent apoptosis upon the mild lysosomal alkalinization. Summarily, glycolysis (the proton producer), mitochondria (the proton consumer), and lysosomes (the proton storer) are metabolic linked together to govern proton homeostasis that affects or determines the fate of cells (Figure 8 ).
Our finding is complementary to the previous reports suggesting that intracellular ATP levels determine apoptosis or necrosis (Eguchi et al., 1997; Leist et al., 1997) . They used anti-Fas/CD95 antibody to treat HeLa and Jurkat cells (Eguchi et al., 1997) or anti-Fas/CD95 antibody and staurosporin to treat Jurkat cells (Leist et al., 1997) . These treatments predominantly elicited mitochondria-independent apoptosis in these cells (Stepczynska et al., 2001; Peter and Krammer, 2003) , so that they induced apoptosis but not necrosis even under the condition of glucose deprivation (Eguchi et al., 1997; Leist et al., 1997) , a phenomenon that was also observed in HeLa, MDA-MB-231, and Bcap37 cells treated with TNF-α in our study (Supplementary Figure S3F) . Similarly, they also observed that glucose deprivation did not deplete intracellular ATP. Therefore, in their studies, authors used oligomycin A plus glucose deprivation to completely deplete intracellular ATP and essentially investigated the effect of mitochondria-independent apoptotic stimuli on ATP depletion-induced necrosis. By contrast, in our current study, we used TNF-α, CCCP, and ABT-737 to impair mitochondria in MCF-7 in the absence of glucose, with ATP still being Figure 8 A model for glucose deficiency-induced necrosis driven by mitochondrial ATP generation. In the absence of glucose, mitochondria consume protons to generate ATP and finally induce severe lysosomal alkalinization that elicits necrosis. This process is promoted by mitochondrial apoptotic stimuli, such as TNF-α, CCCP, and ABT-737 that impair mitochondrial integrity to increase proton consumption and thus accelerate lysosomal alkalinization and necrosis. Alkaline treatments or lysosomotropics directly deacidify lysosomes, and this effect can be attenuated by glycolysis. See Discussion for details. generated via mitochondrial ETC, and thus reveal the connection of mitochondrial activity with glucose deprivation-induced cell death. Actually, directly targeting mitochondria in HeLa, MDA-MB-231, or Bcap3 cells by ABT-737 also promotes glucose deficiencyinduced necrosis, indicating that mitochondrial activity is possibly generally associated with glucose deficiency-induced necrosis. Cells suffering from glucose deficiency may never die of ATP depletion, because mitochondria could actively produce ATP by using other metabolites. Therefore, ATP generation-driven intracellular metabolic perturbation probably majorly accounts for glucose deficiency-induced cell death.
Our results suggest that the lysosomal pH itself probably also determines the switch between lysosome-associated apoptosis and necrosis. Considering the pH-dependent enzymatic activity switch for some lysosomal enzymes (Kolli and Garman, 2014) , the neutralized luminal environment might change the specificity of some lysosomal hydrolases that may gain a new function to break down lysosomal membranes at neutral pH and trigger cell death. As the proton storage bins, lysosomes can release protons to the cytosol and compensate the proton deficiency resulting from the absence of glucose. Such a compensation process may be critical for fast-growing cancer cells that often suffer from transient glucose starvation. Intact mitochondria can increase the utilization efficiency of protons in ATP generation to avoid over-alkalinizing lysosomes to induce cell death. To do this, many cancer cells evolve to express high levels of antiapoptotic Bcl-2 proteins. Therefore, Bcl-2 inhibitors in combination with a treatment that can increase lysosomal pH, such as 2DG and chloroquine, can synergistically kill cancer cells, as observed in our current studies and studies by others (Zagorodna et al., 2012; Zinn et al., 2013) . This may be therapeutically helpful to the application of Bcl-2 inhibitors as potential anticancer drugs.
Materials and methods
Cell culture
MCF-7, MDA-MB-231, Bcap37, HeLa, and A549 cells were obtained from ATCC. Stable cell lines were generated by lentivirus infection. Cells were maintained in high glucose DMEM supplemented with 10% fetal bovine serum (BioInd) and 50 IU penicillin/streptomycin (Invitrogen) in a humidified atmosphere with 5% CO 2 at 37°C. More experimental culture conditions are described in Supplementary Experimental Procedures.
Lysosomal acidification assessment
Lysosomal alkalinization was assessed by the staining with LysoTracker Blue (Invitrogen) or the pre-staining with LysoSensor Green (Invitrogen). See Supplementary Experimental Procedures for details.
Cell death assay
Cell death was assayed by the fluorescence of cells stably expressing GC3AI in the medium containing PI. GFP-positive cells were counted as apoptosis, and cells only stained with PI were taken as necrotic cells. See Supplementary Experimental Procedures for details.
Intracellular ATP assay
The intracellular ATP was measured using CellTiter-Glo Reagent (Promega) following the manufacturer's instructions with minor modification. See Supplementary Experimental Procedures for details.
Intracellular pH assay
The intracellular pH was supervised by a pH-sensitive fluorescent protein, pHluorin2, with a decrease in the excitation at 395 nm and a corresponding increase in the excitation at 475 nm upon acidification (Miesenbock et al., 1998; Mahon, 2011) . See Supplementary Experimental Procedures for details.
Lactate production assay
Lactate production was performed using the Lactate Assay Kit (BioVision) according the manufacturer's instructions. See Supplementary Experimental Procedures for details.
Intracellular amino acids, succinate, and NADH/NAD + assay
The intracellular metabolites were measured using the Succinate Colorimetric Assay Kit, the L-Amino Acid Quantitation Colorimetric Kit, and the NAD + /NADH Quantification Colorimetric Kit (BioVision) according to the manufacture's instructions. See Supplementary Experimental Procedures for details.
Oxygen consumption assay An XF24 Analyzer (Seahorse Biosciences) was used to measure oxgen consumption in MCF-7 cells. See Supplementary Experimental Procedures for details.
Isotope tracing of metabolites
Cells were grown in 60-mm dishes until 80% confluent, then rinsed with PBS and cultured in the medium containing 10 mM of [U-
13 C]-glucose for 6 h. Metabolites were analyzed using a UPLC-TSQ Quantiva (Thermofisher Scientific) at the Protein Facility of Tsinghua University. See Supplementary Experimental Procedures for details.
Statistics
Data are presented as mean ± SD. Statistical analyses were performed using unpaired, two-tailed Student's t-test for comparison between two groups. Asterisks in the figures indicate statistical significances (*P < 0.05; **P < 0.01).
Supplementary material
Supplementary material is available at Journal of Molecular Cell Biology online.
